The effects of selective obscuration of dental radiographs containing known incipient interproximal lesions suggest that the amount of resolution required for reliable diagnosis is anisotropic and can be related to the spatial frequency characteristics of the image. Frequencies less than the limiting resolution of existing screen-film techniques seem to be particularly important.
Factors that influence diagnostic performance associated with the use of dental radiographs have been shown to be relatively task specific.1 Radiographic features essential to one diagnostic task may obscure information required for another; hence, optimization requires specification of the diagnostic task in terms that can be objectively related to other elements in the radiographic chain.
The goal of this investigation is to determine position invariant image characteristics that are essential to the reliable performance of a specific diagnostic task, that is, the detection of incipient interproximal lesions from bitewing-type radiographs.
The approach involves the introduction of frequency-specific "noise" into the system and noting the effects on diagnostic accuracy obtainable from radiographs containing interproximal lesions of known size and location. Interpretation of the resulting data is facilitated by considering pertinent elements of this diagnostic system as being linear. This means that performance characteristics of the various components are assumed to be con-assumption can be justified for nearly all elements involved in the production of a typical radiograph. 2 RATIONALE.-The source of a radiographic image may be defined as a multidimensional distribution of X-ray photons that contains diagnostically meaningful information. The effects of this distribution can be expressed in a variety of ways that are influenced by the transfer characteristics of the radiographic system. Since the image-forming components are relatively linear, one can predict the overall effect that the system will have on any image by analyzing its effect on the image of a single point. This measured effect on image intensity is called the "point spread function" of the system. It completely specifies the nature and extent of the image degradation irrespective of the type of pattern being registered.
The point spread function, F (x,y), can be alternatively expressed as the modulation transfer function of the system, f (O,p), since the two are related by the following equations that are two-dimensional Fourier transforms of each other3: 00 f (0,P) = ff F (x,y) e-27ri(XO + p)dx dy (1) -00 F(x,y) = ff f (0,p) ei(xe +Vp)dO dp. (2) -00
These equations, respectively, express image degradation resulting from linear elements in terms of the effect they have on all spatial frequencies that may pass through the system and vice versa. Image degradation can be unequivocally related to an intensity-modulated spectrum of spatial frequencies as shown in Figure 1 .
The question of particular interest in this investigation is whether certain of these proach is considered a reasonable basis for a preliminary investigation of the task-dependent nature of image quality.
Composite displays of this sort were procluced by means of a modified closed circuit television system of the type schematized in Figure 3 . A high-quality vidicon that has a 25-mm diameter faceplate was optically coupled to specially prepared dental radiographs with the use of a magnification factor of approximately one half. Since a vidicon of this sort is easily capable of passing frequencies less than 20 cycles/mm,2 this represents a band pass of at least 10 cycles/ mm referred back to the plane of the film. This was considered adequate since the masking frequencies used to test performance never exceeded 3 cycles/mm when comparably scaled. radiographs that were identical in every respect except for the fact that some contained evidence of one or more induced interproximal lesions. To assure that only the presence or absence of a lesion was the basis for diagnosis, several radiographs of suitably mounted, extracted teeth (a mandibular first molar and a mandibular second premolar)
were made before the induction of 1-mm3 hemispherical lesions in the respective areas of proximal contact.
A second series of radiographs was then produced using identical geometry after the induced lesions had been filled with modeling clay to simulate the radiodensity associated with carious enamel. 4 The effects of soft tissue scatter were simulated with an 11-mm thick slab of tissue equivalent material (Mix D) which was placed in the primary beam during the exposure of all films. In other respects, the technique was conventional, involving long cone geometry consistent with a 1.1-second exposure at a 65-kilovolt peak and 10 ma on Kodak Ultraspeed filma from a Ritter X-ray machineb that has filtration equivalent to 2.5 mm of Al. Processing was in accord with manufacturers' instructions, using fresh Kodak liquid X-ray developer.L This resulted in radiographs that were conventional both in appearance (mean density of proximal enamel 0.7) and in terms of the amount of radiation required to produce them (0.2 roentgen measured at the tip of the cone). After fixing and drying, these radiographs were carefully cut in a way that permitted individual teeth to be rearranged as shown in Figure 4 . Examples of each presentation were carefully checked for the presence of any artifacts that might be specific to a particular arrangement. Of those considered to be free of such artifacts, one or more of each type were ultimately selected as source radiographs to be evaluated by a total of six clinically experienced observers. Each observer participated in the study on a blind basis by assessing randomly selected radiographs projected on a 0.30-cm (12-inch) video monitor at a distance of 100 cm. Masking bands having sinusoidal variations in intensity were generated as shown in Figure 3 and additively mixed with the video display of each radiograph as seen in Figure  2 . Each examiner was apprised of the fact that any particular interproximal area to be evaluated had a 0.5 chance of containing an induced radiographic lesion. The actual area of concern (either molar or premolar proximal enamel) was randomrly selected for each trial at the time of the experiment. Each participant attempted to determine the presence or absence of a lesion while the modulation of the masking sinusoidal bands and spatial frequency were systematically altered between trials. At each of seven selected frequencies, modulation was thus decreased by 10 dB whenever a diagnostic error was made until five consecutive correct responses could be registered. Since the a priori probability of a lesion was 0.5, criterion accuracy could be expected to occur by chance with a probability of (0.5) 5, that is, less than 4% of the time. Thus, each examiner attempted to detect lesions in randomly selected areas in a series of independent trials that were characterized by a serially decreasing intensity of superimposed sinusoidal bands until criterion accuracy could be demonstrated at each of seven spatial frequencies. The entire process was then repeated with the radiographs rotated 900 relative to the video camera so that the superimposed sinusoidal bands were now displayed perpendicular to the long axes of the teeth. In this way, it was possible to test whether the effects of frequency-dependent noise were anisotropic insofar as diagnosis of interproximal lesions was concerned.
To test whether the effects of the bands were relatively independent of viewing geometry, three of the examiners repeated the experiment with the bands parallel to the long axes of the teeth at a distance of 25 cm from the television screen.
The video system was adjusted in such a way that the average luminance of a radiographic image including masking bands was approximately 15 cd/meter2. Since this value lies in the lower photopic range, its effect on the visual acuity of the examiners was considered inconsequential. 5 The intensity added by the bands per se ranged downward from a maximum of 35 cd/meter2 as the modulation was reduced in decrements of 10 dB until criterion accuracy was achieved. This peak brightness was an order of magnitude less than that associated with saturation of the video system, so that the brightness changes were functionally related to the modulation levels of the sine wave generator. This made it possible for the modulation to be considered as a meaningful measure of the level of masking associated with any particular display.
No attempt was made to control the phase of the masking bands relative to the interproximal areas of interest, so that for all practical purposes, the phase relationship within any given display could be considered random.
Results
Pertinent data are given in Table 1 which presents the relative modulation of the masking that could be tolerated while achieving criterion accuracy by each participant at each spatial frequency when the viewing distance was 100 cm. Results are compiled for bands registered both parallel and perpendicular to the long axes of the teeth, respectively, as noted by the headings identi- Performance trends are appreci easily by averaging findings at quency (Table 2) . These results a in Figure 5 where the modulation expressed as equivalent amplitud( to the mean video signal produc radiographs. The two curves wer eye and corresponded to the averaf in the two spatial dimensions ( and vertical) for which the effe( masking bands were determined.
The data that resulted from ree viewing distance to 25 cm are giver 3. Since the variation associated dom phase differences would nece pend oni wide. It is for this reason that the data were analyzed nonparametrically.
It is interesting to note that spatial frequencies less than 3 cycles/mm, which were shown to be more important for diagnostic accuracy, lie well below the limiting resolution of the film-screen combination shown in Figure 6 . If this observation can be substantiated and generalized by more comprehensive means, it may be possible to use higher-speed detectors that could reduce exposure to radiation by a factor of 20 or more with little if any sacrifice in diagnostic accuracy. In this regard, it is recognized that modulating an image with fixed pattern noise is not equivalent to spatial frequency filtering. Hence, any conclusions based on psychophysical experiments of this sort must be confirmed by more direct methods. This approach does, however, provide a tractable basis for generating frequency-specific information that can be verified in a variety of ways.
For example, the pronounced effect of the orientation of the masking bands relative to the long axes of the teeth can be generalized and confirmed by a simple demonstration involving anisotropic distribution of high spatial frequencies. This is easily accomplished by astigmatically blurring a radiograph containing evidence of an interproximal defect, since defocusing is a convenient means for low-pass filtering of spatial frequencies. For the purpose of this demonstration, astigmatic blurring was accomplished by 100 'ATIAL FREQUENCY -CYCLES PER MM on transfer functions of screen and no-screen radiointerposing a cylindrical lens in the light path between the radiograph and the television camera. As a consequence, vertical lines were inappropriately focused when horizontal lines were seen sharply and vice versa. Figure 7 , top, shows the lesion with no astigmatic distortion; Figure 7 , center, shows what happens to the image when it is blurred in the horizontal direction. Notice that vertical lines are obscured, but the defect is still easily detected. Figure 7 , bottom is the result of vertical blurring wherein horizontal lines are obscured. In this instance, the lesion all but disappears as might be suspected from the more pronounced effect of modulation changes manifest as horizontal bands at right angles to the long axes of the teeth. Preliminary findings from experiments based on motion-degraded images likewise confirm that high spatial frequencies are not essential for the reliable detection of interproximal lesions as suggested by these data.
Regarding the data produced at a 25-cm viewing distance, it is recognized that visual performance is influenced by the angle that a given image subtends at the eye. In general, it is maximized for spatial frequencies approaching 1 cycle per minute of arc. Hence, at 25 cm one would expect performance to be effectively shifted toward lower spatial frequencies. The fact that at 3 cycles/ mm criterion accuracy could not be accomplished by any of the participants viewing the screen at 25 cm with modulations greater than 20 dB would tend to confirm this sup- position. In any case, one cannot account for the relative diagnostic significance of spatial frequencies less than 3 cycles/mm (referred back to the plane of the film) on this basis since the eye is actually more sensitive to higher frequencies as produced at a 100-cm viewing distance as in this experiment.
Conclusions
The effects of fixed pattern noise on the interpretation of dental radiographs containing known lesions suggest that reliable detection of incipient interproximal caries is influenced by the spatial frequency of informationi visibly displayed. Frequencies less than the limiting resolution of existing screen-film radiographic techniques were observed to be particularly important. The data also permit demonstration that significantly less resolution is required horizontally than vertically to achieve a criterion level of (liagnostic accuracy. These findings are consistent witlh the notion that accurate diagnosis may be possible with less resolution than is currently produced by conventional hitewing radliographic techiniques. If tlhis is true and the resLult can be generalized in two climensions, more convenient means for radiographically detecting caries can be developed that requiiire less exposure of the patient to ionizing radiation.
